Introduction
Chaco Canyon, New Mexico, is located in the heart of the semiarid San Juan Basin (Fig. 1) . Between A.D. 850 and 1130, a dozen great houses were constructed in Chaco Canyon with major phases of construction occurring during the Late PII-Classic phase (A.D. 1040-1100) and Early PIII-Late Bonito phase (A.D. 1100-1140) (Lekson, 1984) . Many Chacoan-style outlier great houses exhibiting ''Bonito-style'' architecture also were constructed throughout the San Juan Basin and adjacent areas during the Late Bonito phase ( Fig. 1 in Van Dyke, 1999) . ''Bonito-style'' refers to a collection of architectural features including a many-roomed, multiple-storied great house with core-and-veneer masonry, one or more great kivas, and earthworks (Marshall et al., 1982) . Most of the great houses were vacated during the middle-12th-century drought with final abandonment of the remaining great houses during the late-13 th -century drought (Supplementary Figure 1 , Benson et al., 2007) . The relation of Chaco to outlier communities has engendered a great deal of theoretical argument which Van Dyke (1999) has recently summarized. The theoretical models differ in the style and degree of control that Chaco exerted over these communities; e.g., Vivian (1989) and Wilcox (1993) have suggested that people from Chaco were directly responsible for the construction of the communities exhibiting Bonito-style architecture and Wilcox (1993) has gone so far as to suggest that Chaco was a military state with a social hierarchy in which economics and religion were centralized. In Wilcox's model, outliers functioned as military headquarters which were established to control the surrounding countryside and to obtain agriculture tribute. Stein and Lekson (1992) have suggested a model which markedly differs from that suggested by Wilcox (1993) and have argued that the region, which encompassed 11th -and 12th-century communities with Bonito-style architecture ( Supplementary  Figure 1) , was much too large for a coherent ''state'' to have existed. Instead, they suggested that Bonito-style architecture symbolically linked outlier communities that were otherwise separated by language and ethnicity. In their model, great houses, great kivas, roads, and platform mounds embodied a symbolic ritual landscape that was imitated over much of the Southern Colorado Plateau.
A range of cultural theories exist that, in terms of Chacoan control over outlying communities, lie somewhere in-between the two extremes discussed above. One of them (Judge, 1979) invokes a Chaco-outlier interaction model in which maize figured strongly. In his original theoretical construction, Chaco Canyon acted as a redistribution center for subsistence goods. Judge (1989) later modified the redistribution model such that formal pilgrimages to Chaco developed during the Classic Bonito phase wherein ''goods were transported to Chaco from outlying locations and consumed under a ritual metaphor.' ' We will probably never know the exact relation of Chaco to outlier great house communities. However, maize was involved in Chaco's interaction with the outliers, whether it took place under the auspices of a military state, whether Chaco acted as a benevolent redistribution center, or whether Chaco was a place of power that was visited and celebrated during ''pilgrimage fairs''. The importation of maize thus offers a measure of cultural exchange between Chaco and the outlying communities.
This paper represents the fourth in a series of studies (Benson et al., 2003 (Benson et al., , 2006 (Benson et al., , 2008 that seek to determine the source(s) of archaeological corn cobs (hereafter referred to as cobs) found in Chaco Canyon. In the first study, Benson et al. (2003) Ruin (two sites) and Aztec Ruin (three soil sites) (both located in the Totah region), and Chaco Canyon itself (10 soil sites). The data suggested that the most likely source area for six of the cobs was the Chuska slope and the most likely source of the seventh cob was the Totah region. In the second study, Benson et al. (2006) increased the sampling density of soils in the three areas, including the Chuska slope (14 soil sites), Salmon Ruin (five soil sites), Aztec Ruin (six soil sites), and Chaco Canyon (22 soil sites). The new Totah-area samples came from the Animas and San Juan river floodplains and most of the new samples from Chaco Canyon came from side-valley tributaries. In addition, 12 new side-tributary and floodplain sites downstream from Chaco Canyon and two new upstream sites were sampled. One sample also was collected from beside the Escavada Wash north of the canyon. The 87 Sr/ 86 Sr ratios of synthetic soil-waters produced in this study showed that several downstream Rio Chaco side-tributary sites between the canyon and the Big Bend of the Rio Chaco also could have been the source(s) of six of the Pueblo Bonito cobs.
In the third study, Benson et al. (2008) sought to refine tracemetal distribution coefficients that describe the systematic partitioning of some metal pairs from soil-water into a cob. According to these authors ''The use of the distribution coefficient accounts for Table 2 . Coordinates referenced to NAD 27 datum. Cordell et al. (2008) . the bioavailability of chemical species (they are part of the soilwater solution), and the use of a metal ratio negates the effect of changes in soil-water concentration on the concentrations of individual dissolved trace-metals. However, K D is not constant for all metal ratios. Metal pairs that contain a trace nutrient that the plant prefers to incorporate or a trace-metal that the plant prefers to exclude (e.g. lead) may exhibit widely varying K D values. In addition to being plant-species dependent, the K D value also depends on the set of environmental conditions under which the plant grew; e.g., moisture or nutrient stress. K D values will tend to be relatively constant for element pairs that have similar chemical properties if those properties are neither essential nor harmful to the plant.'' Using an extremely limited data set, Benson et al. (2003) had earlier suggested that three metal pairs (Ba/Sr, Mg/Sr, Y/Yb) might obey the relation
where C TE1 =C TE2 is the concentration (mg element/g dry-weight soil) ratio of trace-metals 1 and 2 and K D indicates the distribution coefficient. If this was true, then those metal pairs could be used in the same manner as 87 Sr/ 86 Sr to further define maize source areas.
In order to refine the results of earlier studies, Benson et al. (2008) selected two cobs from each of 10 plants from each of five Native American landraces grown out at New Mexico State University's Agricultural Science Center, Farmington, New Mexico (Adams et al., 2006) . Soils were obtained from both sides of the corn row at the base of each stalk at depths centered on 35 and 70 cm. After a series of pretreatments (see methods section in Benson et al., 2008) , multitrace-metal determinations were performed on the cobs and the synthetic soil-waters, using inductively coupled plasma-massspectrometry (ICP-MS) and ICP emission spectrometry (ICP-AES). Using all paired combinations of the 51 measured trace-metals, it was determined that four metal pairs (Ba/Sr, Ba/Mn, Ca/Sr, and K/Rb) exhibited systematic distribution coefficients (standard deviation of a metal pair K D for a particular landrace was 33% of its mean value) between soil-waters and all cob types. This paper represents a progress report with regard to our maize-sourcing research. The objective of this study was to determine the source(s) of 37 archaeological cobs found in Chaco Canyon in the hope that such data will help better decipher Chaco's interaction with other communities within the greater San Juan Basin between A.D. 850 and 1300. In the present study, we have expanded our sampling to include soils from 14 regions and 180 sites within the San Juan Basin and adjacent areas (Fig. 1) ; we also have analyzed 30 additional archaeological cobs. Methods employed in this study, as well as trace-metal and 87 Sr/ 86 Sr data sets resulting from this study, can be found in supplementary online material, which includes Supplementary Tables 1-5. Sr and trace-metals were not determined by Benson et al. (2003) ; however, Cordell et al. (2008) have recently dated seven of the Pueblo Bonito cobs and those dates have been included in Table 1 . Six of the Aztec Ruin cobs (AZRU 11091, 533A, 533B, 1057, 3853 and 1052) are associated with room timbercutting dates of, respectively, A.D. 1114, 1215, 1215, 1240, 1241, and 1241 . Thus, the oldest cob was probably deposited prior to the middle-12th-century drought and the remaining cobs were deposited after the middle-12th-century drought, but prior to the late-13th-century drought.
Results

Radiocarbon ages of the archaeological cobs
For the present study, we were able to obtain 14 (Fig. 2A) . The Athapascan-age cobs came from three caches in and east of Downtown Chaco; e.g., the 29SJ176 samples came from a crushed ''storage'' room 0.5 km west of Sheep Camp Canyon. Calibrations were performed using CALIB 5.0 (Stuiver et al., 2005) . The remaining 25 cobs range in age from A.D.1070 to 1240 (calibrated ages mentioned here are midpoints of 1-sigma age ranges). However, many of the cobs (21) have essentially the same age (Table 1) in terms of their provenience (where they were found) and in terms of their calibrated ages (when they were grown and brought to Chaco Canyon/Aztec Ruin).
Trace-metal ratios of the archaeological cobs
When we began to use trace-metal distribution coefficients to calculate the trace-metal ratios for the soil-waters in which the archaeological cobs grew, we realized there was a problem. For example, when we used measured Ba/Mn ratios in cobs to calculate soil-water Ba/Mn ratios by substitution into Eq. To determine if the original cobs were contaminated with soil from the sites in which they were found, we plotted several measured trace-metal concentrations versus aluminum (Al) concentrations (Fig. 3) . Aluminum is a principal component of aluminosilicate minerals (e.g., feldspars), but it is not a principal chemical component of plant material; e.g., Al in the five modern Southwestern Native American landraces analyzed in Benson et al. (2008) averaged only 4.9 AE 4.4 mg/g and Al in four modern cobs ranged from 3 to 28 mg/g (unpublished data of H. E. Taylor, USGS). In the Pueblo Bonito, Aztec Ruin, and 30 new cob data sets, Al values ranged, respectively, from 50 to 1000 mg/g, from 58 to 1100 mg/g, and from 29 to 3140 mg/g (Supplementary Tables 3 and 4) , which suggests that some and perhaps most of the cobs had been contaminated with soil or windblown mineral dust which contained aluminosilicate minerals.
The metal-Al plots (Fig. 3) indicate that most of the cobs contain soil or dust particles that dissolved along with the ashed cobs residues when treated with a combination of strong acids (in particular HF) that were added prior to analysis (see Methods section in supplementary online material). Cerium (Ce) (a rareearth element [REE] common in feldspars and igneous accessory minerals such as sphene, zircon, and allanite) indicates a nearly 1:1 correlation with Al (Fig. 3) . The high-degree of correlation with Al is also true for a number of other metals, including Li, Fe, V, Zr, and all the REEs (data not shown), suggesting the dissolution of differing amounts of an aluminosilicate mineral with a nearly constant composition.
Also shown in Fig. 3 are plots of each of the trace-metals (Ca, Ba, Mn, Sr, K, Rb) associated with the four trace-metal K D s. Barium and Mn are highly correlated with Al (Fig. 3C, D) and Sr and Ca also exhibit significant correlations with Al when it exceeds 800 mg/g (Fig. 3A, B, F, G) . Only K and Rb, appear uncorrelated with Al when its concentration is less than 250 mg/g (R 2 < 0.02) (Fig. 3H, I, J) .
Given the high correlations of some of the trace-metals with Al, we decided to use only cob-derived soil-water K/Rb ratios for those 28 cobs whose Al values were <250 mg/g (Supplementary Tables 3 and   4 ). Note that four cobs having anomalously high Sr values (Fig. 3A) (the Una Vida and Kin Kletso cobs as well as Aztec cobs AZRU 9651 and AZRU 11091), indicating contamination with soil-derived Sr, were excluded from further consideration in this paper.
Histograms illustrating the K/Rb ratios of archaeological cobs (Supplementary Table 3 ) from four Chaco Canyon locations and from Aztec West Ruin are displayed in Supplementary Figure 2A Much of southwestern Colorado, northeastern Arizona, the northcentral San Juan Basin, and a wedge-shaped area south of the Upper Rio Chaco has soil-water ratios higher than that recorded by the cobs and, as such, are ruled out as cob source areas. Figure 3) shows that the correlation of these two metals previously displayed in Fig. 3F is due mainly to cobs from Gallo Cliff Dwelling. In order to guard against Sr contamination from aluminosilicate minerals we eliminated from consideration those cobs having Al values >250 mg/g and Sr values >30 mg/g. This resulted in the elimination of 20 cobs shown in bold in Table 1 and Supplementary Tables 3 and 4 Sr contour plot indicates that a rather large area, centered on the four corners and which runs southeastward to the eastern edge of the plot and then south to the bottom of the plot, can be ruled out as a cob source area. Another non-source area (white ellipsoid) occurs near the bottom of the plot along the Arizona-New Mexico border. Map numbers associated with soil sites (small black dots in Fig. 6 ) are displayed in Supplementary Figure 4A, 
Sr ratios of the archaeological cobs
To the extent that we trust the K/Rb soil-water ratios derived from the archaeological cob chemistries, we can use these data in conjunction with the 87 Sr/ 86 Sr ratios in the cobs to highlight possible source areas where maize may have been grown. A potential problem with the application of the K/Rb distribution coefficient is that it was derived from maize grown under optimal conditions (Adams et al., 2006) , whereas prehistoric maize was often grown under conditions of limited moisture and nutrient content, which may have altered the partitioning of trace-metal pairs during metal transport from the soil-water into the cob. Comparison is being made between soil-water and cobs grouped by age.
Potential source areas for Pueblo Bonito cobs include four regions: the Chuska slope region, the Upper Rio Chaco region, the Lobo Mesa region, and the Totah region (Fig. 7A) . Potential source areas for Chetro Ketl cobs include three regions: the Totah region, the Upper Rio Chaco region (including one site in Chaco Canyon), and the Western Rio Puerco region (Fig. 7B) . Potential source areas for cobs from Gallo Cliff Dwelling include seven regions: the Upper Rio Chaco region (including sites within Chaco Canyon), the Totah region, the Mesa Verde region, the McElmo Dome region, the Lobo Mesa region, and the Western Rio Puerco region (Fig. 7C) . Potential source areas for Aztec Ruin cobs include five regions: the Defiance Plateau region, the Lobo Mesa region, the Totah region, the Mesa Verde region, and the McElmo Dome region (Fig. 7D) . The line-ofsight distances from Aztec Ruin and Chaco Canyon to potential cob source regions have been listed in Table 3 .
In Table 4 Sr and K/Rb values of the synthetic soil-water have been enclosed with a rectangle, which indicates a potential source area for an archaeological cob set.
In terms of their calibrated ages, pre-A.D. 1130 cobs have potential source areas in four regions: the Totah region, the Upper Rio Chaco region and the Lobo Mesa region (Fig. 8A) . The post-A.D. 1180 cobs have potential source areas in six regions: the McElmo Dome region, the Mesa Verde region, the Totah region, the Upper Rio Chaco region (including sites in Chaco Canyon), the Lobo Mesa region, and the Western Rio Puerco region (Fig. 8B) . Post-A.D. 1300 Athapascan cobs have potential source areas in three regions: the Totah region, the Lobo Mesa region, and the Dinetah region (Fig. 8C ). Sr value of the Gallo Cliff Dwelling cob (Table 1 ). The drainages of these streams flow through and near the Needle Mountains (Fig. 1) Sr ratio of soil Sr released to the water during dissolution of soluble Sr-bearing minerals. Benson et al. (2006) mixed 100 mL of runoff from the Chuska slope area with 5 g of soil from two Chaco Canyon sites and showed that about half of the Sr in the leachate was derived from the soil. Given that a water:soil ratio of 50:1 typified the experiment and that a water:soil ratio of w1:1 is more likely to occur in an actual field setting, the (Fig. 1) . It is possible that fields were established in sediments at the bases of these mountain ranges or at higher elevations that remained productive during drought periods.
Summary and discussion
Superimposing
Figs. 4 and 6 shows that Anasazi-age cobs from Chaco Canyon have potential source areas that form a ''V'' with its apex near Pueblo Pintado at the eastern end of the Upper Rio Chaco region (Fig. 8D) . The pre-A.D. 1130 Anasazi cobs (five of six which are from Pueblo Bonito) (Table 1) have potential source areas in the upper Rio Chaco and surrounding regions; however, Chaco Canyon itself is not a potential source area (Figs. 7A, 8A ). Although we cannot exclude the Totah and Lobo Mesa regions, we suggest that the most probable source(s) for pre-A.D. 1130 Anasazi cobs was the Upper Rio Chaco.
The post-A.D 1180 cobs, which were found in a variety of ''Downtown Chaco'' sites (Gallo Cliff Dwelling and the Pueblo Bonito, Chetro Ketl, and Kin Klizhin great houses), have potential source areas in the upper Rio Chaco and surrounding regions (excepting the Chuska slope) as well as regions to the northwest (McElmo Dome and Mesa Verde) and to the southwest (western Rio Puerco) (Fig. 8B) . Most (15 of 23) of the post-A.D 1180 cobs came from Gallo Cliff Dwelling whose potential cob source regions (Fig. 7C ) are nearly the same as the post-A.D 1180 cob source Table 2. regions (Fig. 8B) . Thus, the post-A.D. 1180 cobs could have come from any of several sites along the Upper Rio Chaco region (including Chaco Canyon itself) and from regions that lie on southwest and northwest vectors from the Canyon.
Chetro Ketl cobs have potential source areas largely confined to the Upper Rio Chaco region, including one site in Chaco Canyon (Fig. 7B) . Given the distribution of potential source areas for both Chetro Ketl and Pueblo Bonito cobs, the Upper Rio Chaco region, together with the Chuska slope, may have functioned as an extended Chaco ''Halo'' (Doyel et al., 1984) during the pre-A.D. 1130 time period. It also may be that this sociopolitical ''connection'' was not completely severed by the middle-12th-century drought that resulted in the out-migration of many Anasazi from Chaco Canyon.
Athapascan-age (post-A.D. 1300) cobs have potential source areas within the Totah, Lobo Mesa, and Dinetah regions (Fig. 8C) . The latter region is considered to be the traditional homeland of the Navajo.
Cobs from Aztec Ruin, most of which are associated with post-A.D. 1180 timber-cutting dates, can be associated with potential source areas within the Mesa Verde and McElmo Dome regions (Fig. 7D) . Only one site in the Totah region (the San Juan River floodplain near Salmon Ruin) has a soil-water chemistry that matches the Aztec Ruin cobs. This suggests the possibility of exchange between Aztec Ruin and other communities that lay to the northwest of Aztec Ruin. The soil in the Mesa Verde and McElmo Dome regions is dominated by a late Pleistocene loess deposit which extends from Blanding, Utah, to Durango, Colorado (Fig. 1) (Price et al., 1988) . If this eolian deposit carries the soil-water trace-metal and isotopic signatures associated with Aztec Ruin cobs, it is possible that the source area for these cobs may lie near the Totah region.
Given that Gallo Cliff Dwelling is a Pueblo III (A.D. 1150-1300) structure, it is not surprising that the cobs found in this structure date to the late 1100s. However, it is surprising that cobs with nearly the same ages also were found in three other Downtown Chaco great houses (Pueblo Bonito, Chetro Ketl, and Kin Kletso). Given the multiplicity of potential source regions for post-A.D. 1180 cobs (Fig. 8B) , we cannot determine where the cobs were grown with any degree of certainty, although the similarity of cob ages implies that they probably entered Chaco Canyon at the same time. This suggests that residents of all four Downtown Chaco structures may have been cultivating the same field area(s) within or outside the canyon, or that they were receiving maize from the same outlier community, or that a resident of Gallo Cliff Dwelling was disposing of cobs in great house structures. Of interest is the fact that the Sr of the Gallo cobs is a near-linear function of Al. This suggests that the cobs were contaminated where they were deposited by a single mineral having a nearly constant Sr/Al ratio and an elevated after the room was constructed. The three cobs from Chetro Ketl, which date to A.D. 1183-1186 (AE23), came from room 92, which has tree-ring-cutting dates that range from A.D.1033 to A.D.1070 (Chaco digital initiative, 2008) . In this case, the three cobs found in this structure postdate the last phases of room construction/repair by w100 years. People may have occupied rooms 3 and 92 long after they were constructed; however, the simplest hypothesis is that the rooms were not occupied in the A.D. 1180s but functioned as trash receptacles. We cannot, however, determine whether the residents of Pueblo Bonito and Chetro Ketl disposed of the cobs in unoccupied rooms in those great houses or whether residents of Gallo Cliff House discarded the cobs in those great houses. One of the underlying tenets of the studies involving 87 Sr/ 86 Sr as a tracer is that the source of soluble bio-available Sr in the soil zone is mostly in form of windblown carbonate dust that is chemically well mixed on the scale of several kilometers (Naiman et al., 2000) . We have demonstrated that 87 Sr/ 86 Sr values change systematically over the study area; however, continual expansion of the limits of the study area has increased the number of possible field sites having 87 Sr/ 86 Sr ratios that could be associated with particular groups of cobs. So, in a sense, the more soils we sample, the more choices we have in terms of cob source areas. Thus, we no longer can point to a unique solution in terms of a single source area for a particular grouping of cobs.
This study has several shortcomings, some of which may be resolved by future work. Cob contamination with soil particles prevented the application of three of the trace-metal K D s; however, two of the authors of this paper (Benson and Taylor) recently have developed a method for removal of carbonate, sulfate, and silicate Table 2 . Table 2. contaminants from dirty and burnt cobs. Unfortunately, the National Park Service's Chaco Collection does not contain many Chaco Canyon archaeological cobs other than those from Gallo Cliff Dwelling and, for this reason, we may never be able to analyze a substantial number of archaeological cobs that are well-distributed in time between the founding and abandonment of Chaco.
Although we have collected a large number of soil samples from the Southern Colorado Plateau region, many areas have not been sampled (Fig. 1) ; therefore, the existing isotopic and trace-metal contour maps (Figs. 4 and 6 hypothesis that these areas were field sites for archaeological cobs found in Chaco. Future application of all four trace-metal K D s will greatly assist in the pinpointing of cob source areas. In addition, selective sampling of areas east of the Animas River, across from Aztec Ruin, and south of the San Juan River, between Bloomfield and Shiprock, may prove or disprove a local source of cobs found in Aztec Ruin. In addition, the synthetic soil-water 87 Sr/ 86 Sr database we have established for the Southern Colorado Plateau region (Fig. 1,  Supplementary Table 1 ) can be applied by other researchers interested in sourcing a variety of organic artifacts; e.g., archaeological textiles or animal bone.
